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METHOD OF OPERATING AN INTEGRATED 
CIRCUIT, INTEGRATED CIRCUIT, AND 

MEMORY MODULE 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0001] In the drawings, like reference characters generally 
refer to the same parts throughout the different vieWs. The 
drawings are not necessarily to scale, emphasis instead gen 
erally being placed upon illustrating the principles of the 
invention. In the folloWing description, various embodiments 
of the invention are described With reference to the folloWing 
draWings, in Which: 
[0002] FIG. 1 shoWs a How chart of a method of operating 
an integrated circuit according to one embodiment of the 
present invention; 
[0003] FIG. 2 shoWs a part of an integrated circuit accord 
ing to one embodiment of the present invention; 
[0004] FIG. 3 shoWs a part of an integrated circuit accord 
ing to one embodiment of the present invention; 
[0005] FIG. 4 shoWs a part of an integrated circuit accord 
ing to one embodiment of the present invention; 
[0006] FIG. 5 shoWs an equivalent circuit of a part of the 
integrated circuit shoWn in FIG. 4; 
[0007] FIG. 6 shoWs a part of an integrated circuit accord 
ing to one embodiment of the present invention; 
[0008] FIG. 7 shoWs a part of an integrated circuit accord 
ing to one embodiment of the present invention; 
[0009] FIG. 8 shoWs a part of an integrated circuit; 
[0010] FIG. 9 shoWs a part of an integrated circuit accord 
ing to one embodiment of the present invention; 
[0011] FIG. 1011 shows a schematic cross-sectional vieW of 
a programmable metalliZation memory cell set to a ?rst 
sWitching state; 
[0012] FIG. 10b shoWs a schematic cross-sectional vieW of 
a programmable metalliZation memory cell set to a second 
sWitching state; 
[0013] FIG. 11 shoWs a cross-sectional vieW of a phase 
changing memory cell; 
[0014] FIG. 12 shoWs a schematic draWing of a memory 
device including resistivity changing memory cells; 
[0015] FIG. 13A shoWs a cross-sectional vieW ofa carbon 
memory cell set to a ?rst sWitching state; 
[0016] FIG. 13B shoWs a cross-sectional vieW of a carbon 
memory cell set to a second sWitching state; 
[0017] FIG. 14A shoWs a schematic draWing of a resistivity 
changing memory cell; 
[0018] FIG. 14B shoWs a schematic draWing of a resistivity 
changing memory cell; 
[0019] FIG. 15A shoWs a schematic draWing of a memory 
module according to one embodiment of the present inven 
tion; and 
[0020] FIG. 15B shoWs a schematic draWing of a memory 
module according to one embodiment of the present inven 
tion. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0021] FIG. 1 shoWs a method 100 of operating an inte 
grated circuit according to one embodiment of the present 
invention. The integrated circuit includes a plurality of resis 
tivity changing memory cells and at least one resistivity 
changing reference cell; a voltage comparator including a ?rst 
input terminal and a second input terminal; a signal line being 
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connected to the plurality of resistivity changing memory 
cells, the at least one resistivity changing reference cell, and 
the second input terminal; and a sWitching element connect 
ing the ?rst input terminal to the second input terminal. At 
101, the sWitching element is opened. At 102, a ?rst voltage is 
supplied to the ?rst input terminal via the signal line and the 
sWitching element. At 103, the sWitching element is closed. 
At 104, a second voltage is supplied to the second input 
terminal via the signal line. At 105, the ?rst voltage and the 
second voltage are compared against each other using the 
voltage comparator, Wherein the ?rst voltage represents a 
memory state of a resistivity changing memory cell, and the 
second voltage is a reference voltage Which represents a 
memory state of a resistivity changing reference cell, or vice 
versa. 

[0022] An effect of the operating method 100 is that only 
one signal line and one sWitching element are needed in order 
to provide the ?rst input terminal and the second input termi 
nal of the voltage comparator With different voltage signals. 
As a consequence, the complexity of the electronic compo 
nents providing the ?rst input terminal and the second input 
terminal of the voltage comparator With different voltage 
signals is loW. 
[0023] According to one embodiment of the present inven 
tion, capacitive coupling effects of the sWitching element are 
used at 103 in order to change the ?rst voltage supplied by the 
signal line to the ?rst input terminal to a third voltage, Wherein 
the value of the third voltage differs from the value of the ?rst 
voltage. 
[0024] According to one embodiment of the present inven 
tion, the third voltage is chosen such that the voltage com 
parator is capable of detecting a voltage difference betWeen 
the second voltage and the third voltage. In this Way, it is 
ensured that the voltage comparator is capable of detecting a 
memory state of a resistivity changing memory cell Which is 
represented by the ?rst voltage even if the ?rst voltage and the 
second voltage (reference voltage) have the same voltage 
value. 
[0025] According to one embodiment of the present inven 
tion, the strength of the capacitive coupling effects are con 
trolled by the dimensions and/or electrical properties of the 
sWitching element. For example, the strength of the capaci 
tive coupling effects are controlled by the Width and the 
length of the sWitching element. 
[0026] According to one embodiment of the present inven 
tion, the at least one reference cell has the same physical 
architecture as that of the memory cells. One effect of this 
embodiment is that a manufacturing process of the integrated 
circuit can be simpli?ed since the reference cells and the 
memory cells canbe manufactured using the same processing 
steps, i.e., no extra processing steps are required for manu 
facturing the reference cells. A further effect may be that no 
initial conditioning of the reference cells such as Writing or 
erasing may be required. 
[0027] According to one embodiment of the present inven 
tion, the sWitching element is a transistor. 
[0028] According to one embodiment of the present inven 
tion, the resistivity changing memory cells are multi-level 
resistivity changing memory cells, i.e., each resistivity chang 
ing memory cell is capable of adopting more than tWo 
memory states. 

[0029] According to one embodiment of the present inven 
tion, at 105, the ?rst voltage is compared against several 
second voltages by keeping the ?rst voltage at the ?rst input 
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terminal constant (the switching element is kept closed), and 
by varying the second voltage at the second input terminal. 
According to one embodiment of the present invention, each 
second voltage supplied to the second input terminal repre 
sents a different reference voltage. In this Way, multi-level 
memory state detection can be performed (each second volt 
age represents a different multi-level reference voltage). 
[0030] According to one embodiment of the present inven 
tion, the reference cells are multi-level resistivity changing 
reference cells. 
[0031] According to one embodiment of the present inven 
tion, the resistivity changing memory cell and the resistivity 
changing reference cell are the same cell, Wherein the ?rst 
voltage is obtained by reading out a ?rst memory state (the 
original memory state) of the cell, and the second voltage is 
obtained by reprogramming the ?rst memory state of the cell 
to a second memory state, and reading out the second memory 
state. Such an operating method is also knoWn as “self-refer 
encing” method (the memory cell itself can also serve as a 
reference cell, i.e., the memory states of the memory cell are 
used both for storing memory information and for referencing 
the stored memory information). 
[0032] FIG. 2 shoWs an integrated circuit 200 according to 
one embodiment of the present invention. 
[0033] The integrated circuit 200 includes a voltage com 
parator 201 Which includes a ?rst input terminal 202, a second 
input terminal 203, and an output terminal 204. The inte 
grated circuit 200 further includes a signal line 205 Which is 
connected to the second input terminal 203, and a switching 
element 206 connecting the ?rst input terminal 202 to the 
second input terminal 203. Here, the sWitching element 206 is 
a n-channel transistor. 

[0034] As shoWn in FIG. 3, the integrated circuit 200 may 
be used Within an integrated circuit 300 having a resistivity 
changing cell array 310 Which is connected to the integrated 
circuit 200. The resistivity changing cell array 310 includes a 
plurality of resistivity changing memory cells 301 and a plu 
rality of resistivity changing reference cells 302. Here, it is 
assumed that the resistivity changing memory cells 301 and 
the resistivity changing reference cells 302 are magneto-re 
sistive cells. HoWever, it is to be understood that the embodi 
ments of the present invention are applicable to arbitrary 
types of resistivity changing cells like programmable metal 
liZation cells (PMCs), phase changing memory cells (e.g., 
CBRAMs), carbon memory cells, organic cells (e.g., 
ORAMs), transition oxide cells (TMOs), or the like. The 
resistivity changing cell array 310 further includes a plurality 
of bit lines 303 and a plurality of Word lines 304. Each 
resistivity changing memory cell 301 and resistivity changing 
reference cell 302 is connected to a bitline 303 via a select 
device 305 (here: a transistor), Wherein the select device 305 
is controlled by one of the Word lines 304. The signal line 205 
is connected to the resistivity changing cell array 310 via a 
distribution circuit 3 06 Which may, for example, include mul 
tiplexers and/ or clamp devices and/or voltage regulation 
devices and/or node devices. 
[0035] According to one embodiment of the present inven 
tion, the integrated circuit 300 is con?gured to carry out the 
folloWing processes: a) closing the sWitching element 206, b) 
supplying a ?rst voltage to the ?rst input terminal 202 via the 
signal line 205 and the sWitching element 206, c) opening the 
sWitching element 206, d) supplying a second voltage to the 
second input terminal 203 via the signal line 205, and e) 
comparing the ?rst voltage and the second voltage using the 
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voltage comparator 201, Wherein the ?rst voltage represents a 
memory state of a resistivity changing memory cell (for 
example, the resistivity changing memory cell 301), and the 
second voltage is a reference voltage Which represents a 
memory state of a resistivity changing reference cell (for 
example, the resistivity changing reference cell 302), or vice 
versa. 

[0036] According to one embodiment of the present inven 
tion, capacitive coupling properties of the sWitching element 
206 are used in order to change the ?rst voltage supplied by 
the signal line 205 to the ?rst input terminal 202 to a third 
voltage, Wherein the value of the third voltage differs from the 
value of the ?rst voltage. For example, the capacitive cou 
pling properties of the sWitching element 206 may be used 
such that the ?rst voltage supplied via the signal line 205 is 
increased in its value or is decreased in its value. One effect of 
this embodiment is that it is possible to sense the memory 
state of a resistivity changing memory cell 301 (Which is 
re?ected by the value of the ?rst voltage) even if a reference 
voltage (second voltage) is used having the same voltage 
value as the voltage value of the ?rst voltage. As a conse 
quence, it is possible to use resistivity changing reference 
cells 302 having the same architecture (and thus the same 
resistance levels) as that of the resistivity changing memory 
cells 301. 

[0037] For example, it is assumed that a ?rst voltage re?ect 
ing the memory state of a resistivity changing memory cell 
301 denoted by reference numeral 307 is supplied to the ?rst 
input terminal 202, Wherein the resistivity changing memory 
cell 307 is in the resistive (high ohmic) state. In order to do 
this, the sWitching element 206 is sWitched into the conduc 
tive state. Then, a second voltage re?ecting the memory state 
of the resistivity changing reference cell 302 denoted by 
reference numeral 308 is supplied to the second input termi 
nal 203 after having sWitched the sWitching element 206 from 
the conductive state to the resistive state. It is assumed that the 
memory state of a resistivity changing reference cell 308 is in 
the same memory state as the memory state of a resistivity 
changing memory cell 307, i.e., in the resistive state. As a 
consequence, the ?rst voltage is identical to the second volt 
age. Under normal circumstances it Would not be possible to 
use the memory state of a resistivity changing reference cell 
308 in order to determine the memory state of the resistivity 
changing memory cell 307. HoWever, due to capacitive cou 
pling effects of the sWitching element 206 Which occur When 
the sWitching element 206 is sWitched from the conductive 
state to the resistive state after having supplied the ?rst volt 
age to the ?rst input terminal 202, the ?rst voltage is changed 
to a third voltage Which shoWs an increased or decreased 
voltage value, compared to the ?rst voltage (depending on the 
design of the sWitching element 206). In this Way, the voltage 
comparator 201 is capable of sensing a voltage difference 
betWeen the third voltage and the second voltage, thereby 
sensing the memory state of the resistivity changing memory 
cell 307. The same holds true if both the memory state of a 
resistivity changing memory cell 307 and the memory state of 
a resistivity changing reference cell 308 are in the conductive 
state (loW resistance state). In other Words: the necessary 
voltage difference needed by the voltage comparator 201 can 
be arti?cially generated if there is no voltage difference. 
[0038] According to one embodiment of the present inven 
tion, instead of using a resistivity changing reference cell 
(e.g., the resistivity changing reference cell 302) in order to 
generate the second voltage (reference voltage), also the 
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resistivity changing memory cell (e. g., the resistivity chang 
ing memory cell 301) to be read out itself may be used as 
resistivity changing reference cell: In this case, for example, 
after having supplied the ?rst voltage re?ecting the memory 
state 307 of the resistivity changing memory cell 301 to the 
?rst input terminal 202, the resistivity changing memory cell 
301 is reprogrammed to one of the resistive state and the 
conductive state (i.e., is either reprogrammed to the resistive 
state or the conductive state). Then, the second voltage is 
generated by reading the memory state of the resistivity 
changing memory cell 307 and compared With the ?rst volt 
age (to be more exactly: the third voltage). Then, the memory 
state 307 of the resistivity changing memory cell 301 is repro 
grammed to the other one of the conductive state and the 
resistive state (i.e. is either reprogrammed to the resistive state 
or the conductive state). Then, the memory state of the resis 
tivity changing memory cell 307 again is read, thereby gen 
erating a further second voltage Which is compared With the 
?rst voltage (to be more exact, the third voltage). It is to be 
understood that the last tWo processes (the memory state of 
the resistivity changing memory cell 307 is reprogrammed to 
the other one of the conductive state and the resistive state; the 
memory state of the resistivity changing memory cell 307 
again is read, thereby generating a further second voltage 
Which is compared With the ?rst voltage) may also be omitted, 
depending on the results of the processes carried out before. 
In this Way, the memory state of the resistivity changing 
memory cell 307 can be determined. After having determined 
the memory state, the resistivity changing memory cell 301 
may be reprogrammed to the memory state Which has been 
determined. 

[0039] FIG. 4 shoWs a possible embodiment of the distri 
bution circuit 306 shoWn in FIG. 3. The distribution circuit 
306 includes a column multiplexer 400, a voltage regulation/ 
clamp voltage generator 401, a load device 402, and a tran 
sistor 403 Which is connected to the regulation/ clamp voltage 
generator 401 and the load device 402. Further, a possible 
embodiment of the voltage comparator 201 is shoWn. 
[0040] In FIG. 5, a part of the integrated circuit 200 shoWn 
in FIG. 2 is denoted by reference numeral 500. FIG. 6 shoWs 
a small signal equivalent circuit of the part 500 shoWn in FIG. 
5. As can be derived from FIG. 6, the sWitching element 206 
has an “overlap” capacity (covlapcTR), and the ?rst input ter 
minal 202 has a capacity (clump) against ground. These tWo 
capacities are connected in series. 

[0041] As already indicated before, according to one 
embodiment of the present invention, the overlap capacity is 
adjusted such (by adjusting the physical architecture/electri 
cal properties of the sWitching element 206) that the ?rst 
voltage supplied to the ?rst input terminal 202 is shifted by a 
corresponding voltage offset (due to covlapcTR) as soon as the 
sWitching element 206 sWitches from the conductive state to 
the resistive state, thereby generating a third voltage at the 
?rst input terminal 202. 
[0042] As indicated in FIGS. 7 and 8, the effect of shifting 
the ?rst voltage may be obtained using n-channel transistor 
sWitching elements (FIG. 7) and p-channel transistor sWitch 
ing elements (FIG. 8), Wherein the use of an n-channel tran 
sistor results in an opposite voltage shift compared to the use 
of an p-channel transistor. The use of n-channel transistors or 
p-channel transistors may be chosen in dependence on the 
“default memory state” (e. g., either conductive memory state 
or resistive memory state) of the resistivity changing memory 
cells/reference cells. A p-channel transistor is conductive at 
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loW voltages and becomes non-conductive using controlling 
signals having rising edges. A n-channel transistor is conduc 
tive at high voltages and becomes non-conductive using con 
trolling signals having falling edges. 
[0043] FIG. 9 shoWs an integrated circuit 900 including a 
voltage comparator 901 including a ?rst input terminal 902 
and a second input terminal 903, Wherein the ?rst input ter 
minal 902 and the second input terminal 903 are connected to 
a signal line 906 via corresponding sWitching elements 904. 
Further, the ?rst input terminal 902 and the second input 
terminal 903 are connected to ground via corresponding 
capacities 905, respectively. The integrated circuit 900 may 
be used for the same purpose as the integrated circuit 200 
Which has been described above. HoWever, tWo sWitching 
elements 904 are necessary in order to supply respective 
voltages to the ?rst input terminal 902 and the second input 
terminal 903. As a consequence, more components/more 
space is needed for realiZing integrated circuit 900, compared 
to integrated circuit 200. 

[0044] According to one embodiment of the present inven 
tion, the resistivity changing memory cells are programmable 
metalliZation cell cells (PMC) (e.g., solid electrolyte cells like 
CBRAM (conductive bridging random access memory) 
cells). Therefore, in the folloWing description, making refer 
ence to FIGS. 10A and 10B, a basic principle underlying 
embodiments of CBRAM devices Will be explained. 
[0045] As shoWn in FIG. 10A, a CBRAM cell 1000 
includes a ?rst electrode 1010, a second electrode 1020, and 
a solid electrolyte block (in the following also referred to as 
ion conductor block) 1030 Which includes the active material 
and Which is sandWiched betWeen the ?rst electrode 1010 and 
the second electrode 1020. This solid electrolyte block 1030 
can also be shared betWeen a plurality of memory cells (not 
shoWn here). The ?rst electrode 1010 contacts a ?rst surface 
1040 of the ion conductor block 1030, the second electrode 
1020 contacts a second surface 1050 of the ion conductor 
block 1030. The ion conductor block 1030 is isolated against 
its environment by an isolation structure 1060. The ?rst sur 
face 1040 usually is the top surface, the second surface 1050 
the bottom surface of the ion conductor 1030. In the same 
Way, the ?rst electrode 1010 generally is the top electrode, 
and the second electrode 1020 the bottom electrode of the 
CBRAM cell. One of the ?rst electrode 1010 and the second 
electrode 1020 is a reactive electrode, the other one an inert 
electrode. Here, the ?rst electrode 1010 is the reactive elec 
trode, and the second electrode 1020 is the inert electrode. In 
this example, the ?rst electrode 1010 includes silver (Ag), the 
ion conductorblock 1030 includes silver-doped chalcogenide 
material, the second electrode 1020 includes tungsten (W), 
and the isolation structure 1060 includes SiO2 or Si3N4. The 
present invention is hoWever not restricted to these materials. 
For example, the ?rst electrode 1010 may alternatively or 
additionally include copper (Cu) or Zinc (Zn), and the ion 
conductor block 1030 may alternatively or additionally 
include copper-doped chalcogenide material. Further, the 
second electrode 1020 may alternatively or additionally 
include nickel (Ni) or platinum (Pt), iridium (Ir), rhenium 
(Re), tantalum (Ta), titanium (Ti), ruthenium (Ru), molybde 
num (Mo), vanadium (V), conductive oxides, silicides, and 
nitrides of the aforementioned materials, and can also include 
alloys of the aforementioned materials. The thickness of the 
ion conductor 1030 may, for example, range betWeen 5 nm 
and 500 nm. The thickness of the ?rst electrode 1010 may, for 
example, range betWeen 10 nm and 100 nm. The thickness of 
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the second electrode 1020 may, for example, range between 5 
nm and 500 nm, between 15 nm to 150 nm, or betWeen 25 nm 
and 100 nm. It is to be understood that the present invention is 
not restricted to the above-mentioned materials and thick 
nesses. 

[0046] In the context of this description, chalcogenide 
material (ion conductor) is to be understood, for example, as 
any compound containing oxygen, sulphur, selenium, germa 
nium and/ or tellurium. In accordance With one embodiment 
of the invention, the ion conducting material is, for example, 
a compound, Which is made of a chalcogenide and at least one 
metal of the group I or group II of the periodic system, for 
example, arsenic-trisul?de-silver. Alternatively, the chalco 
genide material contains germanium-sul?de (GeSx), germa 
nium-selenide (GeSex), tungsten oxide (WOX), copper sul?de 
(CuSx) or the like. The ion conducting material may be a solid 
state electrolyte. Furthermore, the ion conducting material 
can be made of a chalcogenide material containing metal 
ions, Wherein the metal ions can be made of a metal, Which is 
selected from a group consisting of silver, copper and zinc or 
of a combination or an alloy of these metals. 

[0047] If a voltage as indicated in FIG. 10A is applied 
across the ion conductor block 1030, a redox reaction is 
initiated Which drives Ag+ ions out of the ?rst electrode 1010 
into the ion conductor block 1030 Where they are reduced to 
Ag, thereby forming Ag rich clusters 1080 Within the ion 
conductor block 1030. If the voltage applied across the ion 
conductor block 1030 is applied for an enhanced period of 
time, the size and the number of Ag rich clusters Within the ion 
conductor block 1030 is increased to such an extent that a 
conductive bridge 1070 betWeen the ?rst electrode 1010 and 
the second electrode 1020 is formed. In case that a voltage is 
applied across the ion conductor 1030 as shoWn in FIG. 10B 
(inverse voltage compared to the voltage applied in FIG. 
10A), a redox reaction is initiated Which drives Ag+ ions out 
of the ion conductor block 1030 into the ?rst electrode 1010 
Where they are reduced to Ag. As a consequence, the size and 
the number of Ag rich clusters Within the ion conductor block 
103 is reduced, thereby erasing the conductive bridge 1070. 
After having applied the voltage/ inverse voltage, the memory 
cell 1 000 remains Within the corresponding de?ned sWitching 
state even if the voltage/ inverse voltage has been removed. 
[0048] In order to determine the current memory status of a 
CBRAM cell, for example, a sensing current is routed 
through the CBRAM cell. The sensing current experiences a 
high resistance in case no conductive bridge 1070 exists 
Within the CBRAM cell, and experiences a loW resistance in 
case a conductive bridge 1070 exists Within the CBRAM cell. 
A high resistance may, for example, represent “0”, Whereas a 
loW resistance represents “1”, or vice versa. The memory 
status detection may also be carried out using sensing volt 
ages. Alternatively, a sensing voltage may be used in order to 
determine the current memory status of a CBRAM cell. 

[0049] According to one embodiment of the invention, the 
resistivity changing memory cells are phase changing 
memory cells that include a phase changing material. The 
phase changing material can be sWitched betWeen at least tWo 
different crystallization states (i.e., the phase changing mate 
rial may adopt at least tWo different degrees of crystalliza 
tion), Wherein each crystallization state may be used to rep 
resent a memory state. When the number of possible 
crystallization states is tWo, the crystallization state having a 
high degree of crystallization is referred to as “crystalline 
state”, Whereas the crystallization state having a loW degree of 
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crystallization is referred to as an “amorphous state”. Differ 
ent crystallization states can be distinguished from each other 
by their differing electrical properties, and in particular by 
their different resistances. For example, a crystallization state 
having a high degree of crystallization (ordered atomic struc 
ture) generally has a loWer resistance than a crystallization 
state having a loW degree of crystallization (disordered 
atomic structure). For sake of simplicity, it Will be assumed in 
the folloWing that the phase changing material can adopt tWo 
crystallization states (an “amorphous state” and a “crystalline 
state”), hoWever it Will be understood that additional inter 
mediate states may also be used. 

[0050] Phase changing memory cells may change from the 
amorphous state to the crystalline state (and vice versa) due to 
temperature changes of the phase changing material. These 
temperature changes may be caused using different 
approaches. For example, a current may be driven through the 
phase changing material (or a voltage may be applied across 
the phase changing material). Alternatively, a current or a 
voltage may be fed to a resistive heater Which is disposed 
adjacent to the phase changing material. To determine the 
memory state of a resistivity changing memory cell, a sensing 
current may routed through the phase changing material (or a 
sensing voltage may be applied across the phase changing 
material), thereby sensing the resistivity of the resistivity 
changing memory cell, Which represents the memory state of 
the memory cell. 

[0051] FIG. 11 illustrates a cross-sectional vieW of an 
exemplary phase changing memory cell 1100 (active-in-via 
type). The phase changing memory cell 1100 includes a ?rst 
electrode 1102, a phase changing material 1104, a second 
electrode 1106, and an insulating material 1108. The phase 
changing material 1104 is laterally enclosed by the insulating 
material 1108. To use the phase changing memory cell, a 
selection device (not shoWn), such as a transistor, a diode, or 
another active device, may be coupled to the ?rst electrode 
1102 or to the second electrode 1106 to control the applica 
tion of a current or a voltage to the phase changing material 
1104 via the ?rst electrode 1102 and/ or the second electrode 
1106. To set the phase changing material 1104 to the crystal 
line state, a current pulse and/or voltage pulse may be applied 
to the phase changing material 1104, Wherein the pulse 
parameters are chosen such that the phase changing material 
1104 is heated above its crystallization temperature, While 
keeping the temperature beloW the melting temperature of the 
phase changing material 1104. To set the phase changing 
material 1104 to the amorphous state, a current pulse and/or 
voltage pulse may be applied to the phase changing material 
1104, Wherein the pulse parameters are chosen such that the 
phase changing material 1104 is quickly heated above its 
melting temperature, and is quickly cooled. 
[0052] The phase changing material 1104 may include a 
variety of materials. According to one embodiment, the phase 
changing material 1104 may include or consist of a chalco 
genide alloy that includes one or more elements from group 
VI of the periodic table. According to another embodiment, 
the phase changing material 1104 may include or consist of a 
chalcogenide compound material, such as GeSbTe, SbTe, 
GeTe or AgInSbTe. According to a further embodiment, the 
phase changing material 1104 may include or consist of chal 
cogen free material, such as GeSb, GaSb, InSb, or GeGaInSb. 
According to still another embodiment, the phase changing 
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material 1104 may include or consist of any suitable material 
including one or more of the elements Ge, Sb, Te, Ga, Bi, Pb, 
Sn, Si, P, 0, As, In, Se, and S. 
[0053] According to one embodiment, at least one of the 
?rst electrode 1102 and the second electrode 1106 may 
include or consist of Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, or 
mixtures or alloys thereof. According to another embodi 
ment, at least one of the ?rst electrode 1102 and the second 
electrode 1106 may include or consist of Ti, V, Cr, Zr, Nb, Mo, 
Hf, Ta, W and tWo or more elements selected from the group 
consisting of B, C, N, 0, Al, Si, P, S, and/or mixtures and 
alloys thereof. Examples of such materials include TiCN, 
TiAlN, TiSiN, WiAl2O3 and CriAl2O3. 
[0054] FIG. 12 illustrates a block diagram of a memory 
device 1200 including a Write pulse generator 1202, a distri 
bution circuit 1204, phase changing memory cells 1206a, 
1206b, 1206c, 1206d (for example, phase changing memory 
cells 1100 as shoWn in FIG. 11), and a sense ampli?er 1208. 
According to one embodiment, the Write pulse generator 
1202 generates current pulses or voltage pulses that are sup 
plied to the phase changing memory cells 1206a, 1206b, 
1206c, 1206d via the distribution circuit 1204, thereby pro 
gramming the memory states of the phase changing memory 
cells 1206a, 1206b, 1206c, 1206d. According to one embodi 
ment, the distribution circuit 1204 includes a plurality of 
transistors that supply direct current pulses or direct voltage 
pulses to the phase changing memory cells 1206a, 1206b, 
1206c, 1206d or to heaters being disposed adjacent to the 
phase changing memory cells 1206a, 1206b, 1206c, 1206d. 
The architecture shoWn in FIG. 12 can also be applied to 
memory devices having other types of resistivity changing 
memory cells. 
[0055] As already indicated, the phase changing material of 
the phase changing memory cells 1206a, 1206b, 1206c, 
1206d may be changed from the amorphous state to the crys 
talline state (or vice versa) under the in?uence of a tempera 
ture change. More generally, the phase changing material 
may be changed from a ?rst degree of crystallization to a 
second degree of crystallization (or vice versa) under the 
in?uence of a temperature change. For example, a bit value 
“0” may be assigned to the ?rst (loW) degree of crystalliza 
tion, and a bit value “1” may be assigned to the second (high) 
degree of crystallization. Since different degrees of crystalli 
zation imply different electrical resistances, the sense ampli 
?er 1208 is capable of determining the memory state of one of 
the phase changing memory cells 1206a, 1206b, 12060, or 
1206d in dependence on the resistance of the phase changing 
material. 

[0056] To achieve high memory densities, the phase chang 
ing memory cells 1206a, 1206b, 1206c, 1206d may be 
capable of storing multiple bits of data, i.e., the phase chang 
ing material may be programmed to more than tWo resistance 
values. For example, if a phase changing memory cell 1206a, 
1206b, 1206c, 1206d is programmed to one ofthree possible 
resistance levels, 1.5 bits of data per memory cell can be 
stored. If the phase changing memory cell is programmed to 
one of four possible resistance levels, tWo bits of data per 
memory cell can be stored, and so on. 

[0057] The embodiment shoWn in FIG. 12 may also be 
applied in a similar manner to other types of resistivity chang 
ing memory cells like programmable metallization cells 
(PMCs), magento-resistive memory cells (e.g., MRAMs), 
organic memory cells (e.g., ORAMs), or transition oxide 
memory cells (TMOs). 
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[0058] Another type of resistivity changing memory cell 
may be formed using carbon as a resistivity changing mate 
rial. Generally, amorphous carbon that is rich in sp3-hybrid 
ized carbon (i.e., tetrahedrally bonded carbon) has a high 
resistivity, While amorphous carbon that is rich in sp2-hybrid 
ized carbon (i.e., trigonally bonded carbon) has a loW resis 
tivity. This difference in resistivity can be used in a resistivity 
changing memory cell. 
[0059] In one embodiment, a carbon memory cell may be 
formed in a manner similar to that described above With 
reference to phase changing memory cells. A temperature 
induced change betWeen an sp3-rich state and an sp2-rich 
state may be used to change the resistivity of an amorphous 
carbon material. These differing resistivities may be used to 
represent different memory states. For example, a high resis 
tance sp3-rich state can be used to represent a “0”, and a loW 
resistance sp2-rich state can be used to represent a “1”. It Will 
be understood that intermediate resistance states may be used 
to represent multiple bits, as discussed above. 
[0060] Generally, in this type of carbon memory cell, appli 
cation of a ?rst temperature causes a change of high resistivity 
sp3-rich amorphous carbon to relatively loW resistivity sp2 
rich amorphous carbon. This conversion can be reversed by 
application of a second temperature, Which is typically higher 
than the ?rst temperature. As discussed above, these tempera 
tures may be provided, for example, by applying a current 
and/ or voltage pulse to the carbon material. Alternatively, the 
temperatures can be provided by using a resistive heater that 
is disposed adjacent to the carbon material. 
[0061] Another Way in Which resistivity changes in amor 
phous carbon can be used to store information is by ?eld 
strength induced groWth of a conductive path in an insulating 
amorphous carbon ?lm. For example, applying voltage or 
current pulses may cause the formation of a conductive sp2 
?lament in insulating sp3 -rich amorphous carbon. The opera 
tion of this type of resistive carbon memory is illustrated in 
FIGS. 13A and 13B. 

[0062] FIG. 13A shoWs a carbon memory cell 1300 that 
includes a top contact 1302, a carbon storage layer 1304 
including an insulating amorphous carbon material rich in 
sp3 -hybridized carbon atoms, and a bottom contact 1306. As 
shoWn in FIG. 13B, by forcing a current (or voltage) through 
the carbon storage layer 1304, an sp2 ?lament 1350 can be 
formed in the sp3-rich carbon storage layer 1304, changing 
the resistivity of the memory cell. Application of a current (or 
voltage) pulse With higher energy (or, in some embodiments, 
reversed polarity) may destroy the sp2 ?lament 1350, increas 
ing the resistance of the carbon storage layer 1304. As dis 
cussed above, these changes in the resistance of the carbon 
storage layer 1304 can be used to store information, With, for 
example, a high resistance state representing a “0” and a loW 
resistance state representing a “1”. Additionally, in some 
embodiments, intermediate degrees of ?lament formation or 
formation of multiple ?laments in the sp3-rich carbon ?lm 
may be used to provide multiple varying resistivity levels, 
Which may be used to represent multiple bits of information in 
a carbon memory cell. In some embodiments, alternating 
layers of sp3-rich carbon and sp2-rich carbon may be used to 
enhance the formation of conductive ?laments through the 
sp3 -rich layers, reducing the current and/ or voltage that may 
be used to Write a value to this type of carbon memory. 

[0063] Resistivity changing memory cells, such as the 
phase changing memory cells and carbon memory cells 
described above, may include a transistor, diode, or other 
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active component for selecting the memory cell. FIG. 14A 
shows a schematic representation of such a memory cell that 
uses a resistivity changing memory element. The memory 
cell 1400 includes a select transistor 1402 and a resistivity 
changing memory element 1404. The select transistor 1402 
includes a source/drain area 1406 that is connected to a bit 
line 1408, a source/drain area 1410 that is connected to the 
memory element 1404, and a gate 1412 that is connected to a 
Word line 1414. The resistivity changing memory element 
1404 also is connected to a common line 1416, Which may be 
connected to ground, or to other circuitry, such as circuitry 
(not shoWn) for determining the resistance of the memory cell 
1400, for use in reading. Alternatively, in some con?gura 
tions, circuitry (not shoWn) for determining the state of the 
memory cell 1400 during reading may be connected to the bit 
line 1408. It should be noted that as used herein the terms 
connected and coupled are intended to include both direct and 
indirect connection and coupling, respectively. 
[0064] To Write to the memory cell 1400, the Word line 
1414 is used to select the memory cell 1400, and a current (or 
voltage) pulse on the bit line 1408 is applied to the resistivity 
changing memory element 1404, changing the resistance of 
the resistivity changing memory element 1404. Similarly, 
When reading the memory cell 1400, the Word line 1414 is 
used to select the cell 1400, and the bit line 1408 is used to 
apply a reading voltage (or current) across the resistivity 
changing memory element 1404 to measure the resistance of 
the resistivity changing memory element 1404. 
[0065] The memory cell 1400 may be referred to as a 1T1] 
cell, because it uses one transistor, and one memory junction 
(the resistivity changing memory element 1404). Typically, a 
memory device Will include an array of many such cells. 
More generally, the memory cell 1400 may be referred to as 
a lTlR cell, because it uses one transistor, and one resistive 
element (the resistivity changing memory element 1404). It 
Will be understood that other con?gurations for a 1T1] 
memory cell, or con?gurations other than a 1T1] con?gura 
tion may be used With a resistivity changing memory element. 
For example, in FIG. 14B, an alternative arrangement for a 
1T1] memory cell 1450 is shoWn, in Which a select transistor 
1452 and a resistivity changing memory element 1454 have 
been repositioned With respect to the con?guration shoWn in 
FIG. 14A. In this alternative con?guration, the resistivity 
changing memory element 1454 is connected to a bit line 
1458, and to a source/drain area 1456 of the select transistor 
1452. A source/drain area 1460 of the select transistor 1452 is 
connected to a common line 1466, Which may be connected to 
ground, or to other circuitry (not shoWn), as discussed above. 
A gate 1462 of the select transistor 1452 is controlled by a 
Word line 1464. 

[0066] As shoWn in FIGS. 15A and 15B, in some embodi 
ments, integrated circuits/memory devices such as those 
described herein may be used in modules. In FIG. 15A, a 
memory module 1500 is shoWn, on Which one or more inte 
grated circuits/memory devices 1504 are arranged on a sub 
strate 1502. The integrated circuits/memory devices 1504 
include numerous memory cells. The memory module 1500 
may also include one or more electronic devices 1506, Which 
may include memory, processing circuitry, control circuitry, 
addressing circuitry, bus interconnection circuitry, or other 
circuitry or electronic devices that may be combined on a 
module With an integrated circuit/memory device, such as the 
integrated circuits/memory devices 1504. Additionally, the 
memory module 1500 includes multiple electrical connec 
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tions 1508, Which may be used to connect the memory mod 
ule 1500 to other electronic components, including other 
modules. 
[0067] As shoWn in FIG. 15B, in some embodiments, these 
modules may be stackable, to form a stack 1550. For example, 
a stackable memory module 1552 may contain one or more 
integrated circuits/memory devices 1556, arranged on a 
stackable substrate 1554. The integrated circuits/memory 
devices 1556 contain memory cells. The stackable memory 
module 1552 may also include one or more electronic devices 
1558, Which may include memory, processing circuitry, con 
trol circuitry, addressing circuitry, bus interconnection cir 
cuitry, or other circuitry or electronic devices that may be 
combined on a module With an integrated circuit/memory 
device, such as the integrated circuits/memory devices 1556. 
Electrical connections 1560 are used to connect the stackable 
memory module 1552 With other modules in the stack 1550, 
or With other electronic devices. Other modules in the stack 
1550 may include additional stackable memory modules, 
similar to the stackable memory module 1552 described 
above, or other types of stackable modules, such as stackable 
processing modules, control modules, communication mod 
ules, or other modules containing electronic components. 
[0068] In the folloWing description, further exemplary 
embodiments of the present invention Will be explained. 
[0069] According to one embodiment of the present inven 
tion, the resistivity changing memory cells/resistivity chang 
ing reference cells are NG (Next Generation) MRAM cells. 
[0070] According to one embodiment of the present inven 
tion, aging effects, temperature variations or variations due to 
read/Write cycles of the memory cells can be tracked and 
compensated (if the reference cells have the same architecture 
as that of the memory cells, these effects also occur Within 
reference cells; therefore, a compensation of these effects (a 
“synchronization” of reference cells and memory cells con 
cerning the occurrence of these effects is possible)). 
[0071] According to one embodiment of the present inven 
tion, the sense margin is adjusted by the variation of the 
involved capacitances, e.g., by adapting the Width and length 
of the corresponding transistors. 
[0072] According to one embodiment of the present inven 
tion, standard memory cells are used as reference memory 
cells. Thus, an averaging procedure or specially designed 
reference memory cells are dispensable. 
[0073] According to one embodiment of the present inven 
tion, a single transistor instead of the tWo parallel connected 
transistors is used. The coupled voltage, occurring at the 
closing instant of this transistor, is used to adjust the reference 
voltage to a suitable value. 

[0074] Within the scope of the present invention, the term 
“opening a sWitching element” means setting the sWitching 
element to a non-conductive state, and the term “closing a 
sWitching element” means setting the sWitching element to a 
conductive state, Whereas the term “opening a transistor” 
means setting the transistor to a conductive state, and the term 
“closing a transistor” means setting the transistor to a non 
conductive state. 

[0075] FIG. 9 shoWs an example of a comparator con?gu 
ration. The operation of this con?guration is as folloWs: A 
read operation is executed in tWo cycles. The result of the ?rst 
evaluation cycle is stored on the capacitor associated to one 
side of the comparator, and the result of the second evaluation 
cycle is stored on the second capacitor. Then the tWo values 
are compared by the comparator. To realiZe this, MRAM 
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memory cells may be used Which consist of tWo soft magnetic 
layers. The soft magnetic layer that is used for the data storage 
can only be altered by the combined current of the tWo per 
pendicular lines. The magnetization of the second soft mag 
netic layer is brought to a de?ned direction prior to the ?rst 
cycle of the read operation of the memory cell resistance. This 
is achieved by the current of a single line. For the second cycle 
of the read operation, the magnetiZation of this second soft 
magnetic layer is brought to the opposite direction and the 
memory cell resistance is evaluated again. The result of the 
tWo memory cell evaluations, stored on the capacitances, 
corresponds either to a ?rst high resistance and a second loW 
resistance or vice versa. Thus, the memory cell provides a 
reference value for itself. 
[0076] FIG. 3 shoWs that the evaluation information of a 
?rst cycle of the read operation can be stored (capacitively on 
the parasitic capacitances associated to the node, or a dedi 
cated capacitance that is not shoWn) on node N1 While the 
transistor CTR is conductive. The second cycle of the read 
operation is executed With a closed transistor CTR (non 
conductive). A comparison of the tWo voltages on N1 and N2 
by means of the comparator yields the result of the read 
operation. 
[0077] FIG. 3 shoWs an integrated circuit (MRAM con?gu 
ration) according to one embodiment of the present invention. 
To provide a reference, a reference-Wordline WLref With the 
corresponding reference memory cells is implemented. In a 
?rst operation WLref is activated. The result of the evaluation 
of the corresponding reference memory cell, Which is 
achieved With, e. g., a multiplexer, a clamp device With voltage 
regulation and a load device, is stored on node N1 as 
described previously. In a second operation the accessed 
memory cell is evaluated via the identical path by activating 
the respective Wordline WL, and the result is fed to N2. Then, 
the comparator evaluates the data of the memory cell by 
comparing the nodes N1 and N2, Wherein the comparison 
result is fed to the output OUT. In principal, the sequence of 
evaluating the reference memory cell and the selected 
memory cell can be sWitched, i.e., the memory cell can be 
read before providing the reference. Thus, N1 Would contain 
the memory cell information and N2 the reference. The ref 
erence may be varied over time. In this Way, a multi-level 
memory device may be obtained. 
[0078] Closing the transistor CTR couples an additional 
voltage to the node N1. The coupled voltage is determined by 
the capacitive situation found at the node N1. This effect is 
used according to another embodiment of the invention to 
adjust the reference voltage that results from reading a refer 
ence memory cell or to adjust the memory cell voltage 
accordingly/alternatively. 
[0079] FIG. 4 shoWs a concrete example for this implemen 
tation. The memory cell array is connected to the read circuit 
by a multiplexer. The voltage on the bitline is controlled by a 
regulated clamp device, causing current that depends on the 
resistance of the memory cell. The current induces a voltage 
drop at the load device Rload that can be implemented as a 
transistor, e.g., in diode- or current source con?guration. In a 
?rst cycle, the reference memory is evaluated. The reference 
memory cell is a normal memory cell in the high impedance 
state Which means that the resulting sensing current is loW. 
The voltage drop at the load device is loW and the voltage fed 
to N1 is close (closer than for a loW impedance memory cell) 
to the supply voltage connected to the opposite side of the 
load device. The resulting voltage on N1 cannot be used 
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directly as a reference because it Would be reproduced exactly 
for evaluating a high impedance memory cell, thus leaving no 
sense margin for the comparator. The loW voltage, resulting 
from an evaluation of a loW impedance memory cell could be 
handled by the comparator Without any problem. To trans 
form the high voltage, corresponding to a high impedance of 
the reference cell, to a voltage betWeen the voltages resulting 
from a high impedance memory cell and a loW impedance 
memory cell, the above-mentioned voltage coupling is 
deployed. Closing the shoWn NFET transistor can reduce the 
voltage of N1 to the required value. 
[0080] FIG. 5 shoWs a basic mechanism of the voltage 
coupling. A falling edge of the gate voltage CTR causes the 
transistor to become non-conductive. This happens at a cer 
tain voltage (usually the threshold voltage), and the remain 
ing voltage change at the gate is coupled to N1 according to 
the transfer function that is determined by the implementation 
of the comparator and the transistor CTR. According to one 
embodiment of the present invention, the comparator is a 
CMOS type comparator, and a corresponding transfer func 
tion (the ratio betWeen the coupling voltage and the voltage 
variation at the gate VC/V) can be calculated, e.g., as it is 
shoWn in FIG. 6 With a small signal equivalent circuit IVC/ 
V|:cWZaPCTR/cWZaPCTR+clump. The transfer function and the 
values of covZaPCTR and c Jump depend on the comparator type 
and the siZing of the transistors (Width and length), respec 
tively. Therefore, the coupling voltage canbe adjusted exactly 
to the desired value. 

[0081] FIG. 8 shoWs a further embodiment of an integrated 
circuit. In this example, a PMOS type transistor CTR is used. 
Since PMOS type transistors are loW-active, a rising edge can 
close the device. The voltage that is coupled by a rising edge 
increases the voltage at node N1. For an implementation 
according to FIG. 4, a loW impedance memory cell may be 
used as a reference memory cell. The resulting loW voltage at 
N1 for the activation of the reference Wordline WLref can be 
transformed to a suitable voltage by closing the PMOS tran 
sistor CTR in a similar manner as described in previous 
embodiments. 
[0082] According to one embodiment of the present inven 
tion, the position of the clamp device and the load device in 
FIG. 4 are exchanged (in this embodiment, the clamp transis 
tor has to be implemented as PMOS transistor). In this 
embodiment, a PMOS type transistor CTR is combined With 
a high impedance reference memory cell. For an NMOS 
transistor CTR, a loW impedance reference memory cell 
should be used, accordingly. 
[0083] One effect of the discussed embodiments is that 
aging effects, temperature variations and cycling effects, etc., 
of the memory cells can be tracked by the reference memory 
cells. At the same time the read margin for a high or loW 
impedance memory cell can be adjusted by tuning the cou 
pling voltage. An averaging procedure or the implementation 
of special reference memory cells is not required. The refer 
ence memory cells are standard high or loW impedance 
memory cells attached to the Wordline WLref. Compared to 
the integrated circuit shoWn in FIG. 9, the transistor count can 
be reduced. 

[0084] All embodiments discussed above may also be 
applied to multi-level memory devices. To do so, the refer 
ence memory cells may be implemented as memory cells 
corresponding to a certain level. Several Wordlines, WLref, 
can be provided for different levels. The capacitive correction 
of the voltage on N1 may be done in an analog Way as 
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described. To read a multi-level memory cell, several sequen 
tial comparisons can be executed. An equivalent approach can 
be provided With a parallel implementation. 
[0085] According to one embodiment of the present inven 
tion, a normal memory cell, programmed to a regular memory 
value, can be used as reference cell. No averaging betWeen 
several memory cells (e.g., a high and loW impedance 
memory cells) or special memory cells (e.g., larger or smaller 
than a usual memory cell) are required. 
[0086] According to one embodiment of the present inven 
tion, the load device is, e.g., a transistor in current source or a 
diode con?guration. 
[0087] According to one embodiment of the present inven 
tion, the transfer function depends on the implementation of 
the voltage comparator 201 and the sWitching element 206 
and can be equivalent to the capacitive voltage divider shoWn 
in FIG. 6. 
[0088] According to one embodiment of the present inven 
tion, the coupled voltage can be adjusted. For example, the 
adjustment can be done according to |Vc/V|:CovlapcTR/Covi 
ZapCTR-I-CZHMP), Wherein cOvZaPCTR and c lamp are functions of the 
Width and length of the transistor CTR and the comparator 
transistors (depending on the implementation of the compara 
tor). 
[0089] According to one embodiment of the present inven 
tion, a loW impedance memory cell is used as a reference. 
[0090] According to one embodiment of the present inven 
tion, a positive shift of the voltage is required When closing 
the transistor CTR, Which can be achieved by closing a PMOS 
device transistor. The PMOS transistor closes With a rising 
edge and the coupled voltage is also in a positive direction. 
The load device and the clamp device change their position 
(the clamp device includes a PMOS), and a high impedance 
reference memory cell is combined With the PMOS CTR 
transistor. 
[0091] While the invention has beenparticularly shoWn and 
described With reference to speci?c embodiments, it should 
be understood by those skilled in the art that various changes 
in form and detail may be made therein Without departing 
from the spirit and scope of the invention as de?ned by the 
appended claims. The scope of the invention is thus indicated 
by the appended claims and all changes Which come Within 
the meaning and range of equivalency of the claims are there 
fore intended to be embraced. 

What is claimed is: 
1. An integrated circuit, comprising: 
a plurality of resistivity changing memory cells and at least 

one resistivity changing reference cell; 
a voltage comparator comprising a ?rst input terminal and 

a second input terminal; 
a signal line being connected to the plurality of resistivity 

changing memory cells, the at least one resistivity 
changing reference cell, and the second input terminal; 
and 

a sWitching element connecting the ?rst input terminal to 
the second input terminal. 

2. The integrated circuit according to claim 1, Wherein the 
integrated circuit is con?gured to carry out the folloWing: 

a) closing the sWitching element; 
b) supplying a ?rst voltage to the ?rst input terminal via the 

signal line and the sWitching element; 
c) opening the sWitching element; 
d) supplying a second voltage to the second input terminal 

via the signal line; and 
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e) comparing the ?rst voltage and the second voltage using 
a voltage comparator, Wherein the ?rst voltage repre 
sents a memory state of a resistivity changing memory 
cell, and the second voltage is a reference voltage Which 
represents a memory state of a resistivity changing ref 
erence cell, or vice versa. 

3. The integrated circuit according to claim 2, Wherein 
capacitive coupling properties of the sWitching element are 
useable to change the ?rst voltage supplied by the signal line 
to the ?rst input terminal to a third voltage, Wherein the value 
of the third voltage differs from the value of the ?rst voltage. 

4. The integrated circuit according to claim 3, Wherein 
dimensions and/or electrical properties of the sWitching ele 
ment are chosen such that the voltage comparator is capable 
of detecting a voltage difference betWeen the second voltage 
and the third voltage resulting from the dimensions and/or 
electrical properties. 

5. The integrated circuit according to claim 1, Wherein the 
reference cell and the memory cells have the same physical 
architecture. 

6. The integrated circuit according to claim 1, Wherein the 
sWitching element comprises a transistor. 

7. The integrated circuit according to claim 1, Wherein the 
resistivity changing memory cells comprise multi-level resis 
tivity changing memory cells. 

8. The integrated circuit according to claim 7, Wherein the 
integrated circuit is con?gured to compare the ?rst voltage 
against several second voltages by keeping the ?rst voltage at 
the ?rst input terminal constant, and by varying the second 
voltage at the second input terminal. 

9. The integrated circuit according to claim 8, Wherein each 
second voltage supplied to the second input terminal repre 
sents a different reference voltage. 

10. The integrated circuit according to claim 1, Wherein the 
at least one reference cell comprises a multi-level resistivity 
changing reference cell. 

11. The integrated circuit according to claim 1, Wherein the 
resistivity changing memory cells and the resistivity chang 
ing reference cell are the same resistivity changing cell, 
Wherein the integrated circuit is con?gured such that a ?rst 
voltage is obtained by reading out a ?rst memory state of the 
resistivity changing cell, and a second voltage is obtained by 
reprogramming the ?rst memory state of the resistivity 
changing cell to a second memory state, and reading out the 
second memory state. 

12. A memory module comprising at least one integrated 
circuit comprising: 

a plurality of resistivity changing memory cells and at least 
one resistivity changing reference cell; 

a voltage comparator comprising a ?rst input terminal and 
a second input terminal; 

a signal line being connected to the resistivity changing 
memory cells, the at least one resistivity changing ref 
erence cell, and the second input terminal; and 

a sWitching element connecting the ?rst input terminal to 
the second input terminal. 

13. The memory module according to claim 12, Wherein 
the memory module is stackable. 

14. A method of operating an integrated circuit, the inte 
grated circuit comprising: 

a plurality of resistivity changing memory cells and at least 
one resistivity changing reference cell; 

a voltage comparator comprising a ?rst input terminal and 
a second input terminal; 
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a signal line being connected to the plurality of resistivity 
changing memory cells, the at least one resistivity 
changing reference cell, and the second input terminal; 
and 

a sWitching element connecting the ?rst input terminal to 
the second input terminal, the method comprising: 
a) closing the sWitching element; 
b) supplying a ?rst voltage to the ?rst input terminal via 

the signal line and the sWitching element; 
c) opening the sWitching element; 
d) supplying a second voltage to the second input termi 

nal via the signal line; and 
e) comparing the ?rst voltage and the second voltage 

using the voltage comparator, Wherein the ?rst volt 
age represents a memory state of a resistivity chang 
ing memory cell, and the second voltage is a reference 
voltage Which represents a memory state of a resistiv 
ity changing reference cell, or vice versa. 

15. The method according to claim 14, Wherein capacitive 
coupling effects of the sWitching element are used to change 
the ?rst voltage supplied by the signal line to the ?rst input 
terminal to a third voltage, Wherein the value of the third 
voltage differs from the value of the ?rst voltage. 

16. The method according to claim 15, Wherein the third 
voltage is chosen such that the voltage comparator is capable 
of detecting a voltage difference betWeen the second voltage 
and the third voltage. 

17. The method according to claim 16, Wherein the strength 
of the capacitive coupling effects are controlled by dimen 
sions and/or electrical properties of the sWitching element. 
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18. The method according to claim 14, Wherein the at least 
one reference cell and the memory cells have the same physi 
cal architecture. 

19. The method according to claim 14, Wherein the sWitch 
ing element comprises a transistor. 

20. The method according to claim 14, Wherein the resis 
tivity changing memory cells comprise multi-level resistivity 
changing memory cells. 

21. The method according to claim 20, Wherein the ?rst 
voltage is compared against several second voltages by keep 
ing the ?rst voltage at the ?rst input terminal constant, and by 
varying the second voltage at the second input terminal. 

22. The method according to claim 21, Wherein each sec 
ond voltage supplied to the second input terminal represents 
a different reference voltage. 

23. The method according to claim 22, Wherein the at least 
one reference cell comprises a multi-level resistivity chang 
ing reference cell. 

24. The method according to claim 14, Wherein the resis 
tivity changing memory cell and the resistivity changing ref 
erence cell are the same resistivity changing cell, Wherein the 
?rst voltage is obtained by reading out a ?rst memory state of 
the resistivity changing cell, and the second voltage is 
obtained by reprogramming the ?rst memory state of the 
resistivity changing cell to a second memory state, and read 
ing out the second memory state. 

* * * * * 


